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Edited by Miguel De la RosaAbstract Ternary complexes of wild type or mutant form of
human DNA polymerase b (pol b) bound to DNA and dCTP sub-
strates were studied by molecular dynamics (MD) simulations.
The occurrences of contact conﬁgurations (CC) of structurally
important atom pairs were sampled along the MD trajectories,
and converted into free-energy diﬀerences, DGCC. DGCC values
were correlated with the experimental binding and catalytic free
energies for the wild type pol b and its Arg183Ala, Tyr271Ala,
Asp276Val, Lys280Gly, Arg283Ala, and Glu295Ala mutants.
The correlation coeﬃcients show that the strength of the H-bond
between dCTP and Asn279 is a strong predictor of the mutation-
induced changes in the catalytic eﬃciency of pol b. This ﬁnding is
consistent with the view that enzyme preorganization plays a ma-
jor role in controlling DNA polymerase speciﬁc activity.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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DNA polymerase b (pol b), a member of the X family of
DNA polymerases, plays a prominent role in human base-exci-
sion repair [1,2]. Pol b is upregulated in some types of adeno-
carcinomas [3]. Mutations in pol b are associated with colon
and lung tumors and esophageal cancer [4]. Pol b is a relatively
small (39 kDa) template-dependent DNA polymerase lacking
proofreading, which makes it an attractive system for
in vitro biochemical and in silico studies of the replication
ﬁdelity.
DNA polymerases enhance DNA synthesis by many orders
of magnitude compared to the corresponding reaction in waterAbbreviations: WT, wild type; MD, molecular dynamics; cc, contact
conﬁgurations; dNTP, deoxyribonucleoside triphosphate; pol b, DNA
polymerase b; TS, transition state
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doi:10.1016/j.febslet.2007.01.042[5]. Besides achieving huge rate enhancements, DNA polymer-
ases are capable of selecting the right deoxyribonucleoside
triphosphate (dNTP) substrate so that Watson–Crick base
pairs are preferentially formed. The resulting ﬁdelity of DNA
synthesis is several orders of magnitude larger than would be
expected just from the energetics of Watson–Crick base pairing
at the end of DNA duplex in water [6,7].
The control of the catalytic power and ﬁdelity of DNA poly-
merases involves contributions from the protein, DNA resi-
dues and Mg2+ ions. To advance our understanding of these
complex eﬀects and to improve the predictive power of theoret-
ical approaches, we have examined the correlation of several
free-energy based theoretical descriptors with the set of free
energies derived from experimental data. The observed muta-
tion-induced changes in the apparent dissociation constant
for dNTP (Kd), the polymerization rate constant at saturating
concentration of dNTP (kpol) and the catalytic eﬃciency (kpol/
Kd) of pol b were extracted from the literature [8–11] and
transformed to the corresponding free energies in kcal/mol
(Fig. 1) using relations
logkpol ¼ logðRT=NAhÞDgzcat=2:303RT ¼ logðRT=NAhÞðDgz DGbindÞ=2:303RT
ð1Þ
logðKdÞ¼DGbind=2:303RT ð2Þ
logðkpol=KdÞ¼ logðRT=NAhÞDgz=2:303RT ð3Þ
where DGbind, Dg
z
cat, Dg
, NA, h, R and T are dNTP binding
free energy, activation free energy of the chemical step, appar-
ent reaction activation free energy, Avogadro constant,
Planck’s constant, the universal gas-constant, and the thermo-
dynamic temperature, respectively [12,13].
The structural and energetic properties of the transition state
(TS) region of the free-energy surface are needed to calculate
Dg. However, TS properties are diﬃcult to determine accu-
rately either experimentally or theoretically. Although crystal
structures of the ground state DNA polymerase–substrate
complexes are available [14], they do not deﬁne the relevant
TS. To circumvent the ‘‘challenging’’ task of attempting to
compute a valid TS, we assume that if a speciﬁc property,
for example a hydrogen bond, stabilizes the TS, then the same
bond also lowers the free energy of the ground state enzyme–
substrate complex. This assumption is best satisﬁed for prop-
erly preorganized binding sites where the reactant state has as-
sumed a conﬁguration close to that needed to stabilize the TS
[15]. In this paper, we provide an analysis of ground state
parameters that correlate well with the eﬀects of speciﬁc amino
acid replacements in pol b on experimentally observed catalyticblished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic free energy proﬁle for the extension of the primer
DNA strand by a single nucleotide. E and S denote, respectively, DNA
polymerase–DNA complex and free dNTP substrate in solution. ES
represents the ternary complex (ground state) and ES denotes the
rate-limiting TS. The ES state can be stabilized either by lowering free
energy of the ground state while keeping Dgzcat unchanged, or by
decreasing Dgzcat [39].
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computationally eﬀective alternative to approaches that use
TS binding as a theoretical descriptor to study pol bmutation ef-
fects [16]. As a general goal, we propose to ascertain a series of
ground state parameters that exhibit strong correlations
between selected amino acid replacements and intrinsic poly-
merase properties. Here, we speciﬁcally show that the strength
of the Asn279–dCTP H-bond exhibits a strong correlation
with the catalytic eﬃciency of pol b.Fig. 2. The active site of pol b including dCTP4 substrate, the
‘catalytic’ (MgA) and ‘structural’ (MgB) Mg
2+ ions and their Asp
ligands, DNA template and primer nucleotides. The amino acid
residues mutated in this study are denoted by red labels.2. Methods
2.1. Molecular dynamics (MD) simulations
MD trajectories were generated using the AMBER force ﬁeld [17]
implemented in the program Q [18]. The charges and vdW radii for
the triphosphate moiety of dCTP4 and for Mg2+ ions were identical
as those used in our previous simulations [5,19,20]. All production tra-
jectories generated constant-temperature ensembles at 310 K. The tra-
jectory for each simulated system was followed for 8 ns using an
integration stepsize of 2 fs. The simulated complexes were immersed
in a sphere (24 A˚ radius) of TIP3P water molecules subjected to the
surface constraint all atom solvent (SCAAS) spherical boundary con-
ditions [18,21]. These constraints were designed to mimic inﬁnite aque-
ous solution. DNA and protein atoms protruding beyond the 24 A˚
sphere boundaries were restrained to their coordinates in the crystal
structure using harmonic restraints. Non-bonding interactions of these
atoms were turned oﬀ. Non-bonding interactions between non-sub-
strate atoms inside the simulation sphere were subjected to a 10 A˚
cutoﬀ. The local-reaction ﬁeld method (LRF) [22] was used to treat
long-range electrostatic interactions for distances beyond a 10 A˚ cutoﬀ.
The electrostatic free energies calculated using SCAAS and LRF algo-
rithms were shown to be insensitive to the system size [23–25]. In our
experience, the use of the SCAAS + LRF methods allows signiﬁcantly
faster convergence of electrostatic energies in proteins than alternative
periodic boundary condition methods [25]. For dCTP substrate and
Mg2+ atoms, non-bonding interactions were explicitly evaluated for
all distances. The SHAKE algorithm was used for bonds involving
hydrogen atoms. The structure and trajectory analyses were carried
out using the program VMD 1.8.5 [26]. The presence of contact conﬁg-
urations (CC) was evaluated for a set of 80000 conﬁgurations of the
simulated system. These conﬁgurations were sampled every 0.1 ps
along each of the seven 8 ns MD trajectories generated on diﬀerent
simulated systems.
2.2. Initial structure preparation
The simulations were initiated using the high-resolution crystal
structure of the human DNA polymerase b-DNA–ddCTP ternary
complex (PDB code 2FMP) [27]. All the crystallographic water mole-
cules were replaced by TIP3P waters generated using the Qprep [18]
program by immersing the simulation system into the sphere of bulkwater molecules. Those water molecules that were not sterically over-
lapping with the atoms present in the crystal structure were retained in
the starting structures for the MD simulations. The origin of the sim-
ulation sphere was placed at the coordinates of the C4 0 atom of ddCTP
in the crystal structure. The 3 0-terminal dideoxynucleotide of the pri-
mer strand and ddCTP were modiﬁed by adding the 3 0-OH group.
MD simulations of the wild type (WT) complex were carried out with
the following selection of the charged amino acid residues: ARG (40,
102, 149, 152, 182, 183, 243, 254, 258, 283, 299, 328, 333), ASP (145,
190, 192, 226, 256, 276, 321, 332), LYS (27, 48, 141, 148, 234, 280,
317, 331), GLU (147, 154, 186, 295, 316, 329, 335), HIS (135). This
selection, along with dCTP4, 2 Mg2+, and 7 DNA phosphates re-
sulted in the zero total charge inside the simulation sphere. In general,
this selection of the charged residues is consistent with Glu, Asp, Lys,
Arg, and phosphate groups that lie closer than 19 A˚ from the center of
the simulation sphere having charges based on their pKa constants in
water. All residues further than 19 A˚ from the center of the simulation
sphere were overall electroneutral. The initial structure for six mutant
complexes was generated by manually changing residues Arg183,
Tyr271, Arg283, and Glu295 to Ala, Asp276 to Val, and Lys280 to
Gly. The total charge of the simulated system was 0 for WT and
Y271A, 1 for R183A, K280G and R283A, and +1 for D276V and
E295A mutants. By this design, all diﬀerences between 7 simulated sys-
tems are directly structurally connected to the replacement of a single
protein residue, thus providing a consistent platform for the correla-
tion analysis.
The structure of all the simulated system was relaxed by the two
30000- and 20000-step MD simulations at 5 K that used a stepsize
of 0.005 and 0.01 fs, respectively. In these simulations, 200 kcal/mol
harmonic positional restraints were applied on the positions of all
WT protein and DNA heavy atoms. No positional restraints were used
in further simulations, which included a sequence of four 20000- and
one 50000-step simulations with increasing stepsize (up to 1 fs) at
5 K, a gradual heating of the simulated system from 5 to 298 K in a
series of eight MD simulations with 0.5 or 1 fs stepsize and 200 ps total
simulation time, and a 140 ps simulation at 310 K using a 2 fs stepsize.3. Results
The experimental kinetic data for pol b mutants shown in
Fig. 2 are presented in Table 1. Because the mutational eﬀects
depend on the identity of the dNTP-template base pair, only
the data for dCTP as substrate and G as template were in-
cluded in Table 1 and in the correlation analysis. In order to
achieve consistency, the mutational eﬀects reported in Table
1 were normalized to average values of the WT pol b.
Calculated structural properties were obtained by ground-
state MD simulations of WT dNTPÆDNAÆpol b ternary com-
Table 1
Experimental data used for correlations
kpol (1/s) Dg
z
cat (kcal/mol) KD (lM) DGbind (kcal/mol) kpol/KD (s
1 M1) Dg (kcal/mol) Reference
WTa 6.23 17.4 4.31 7.8 2214000 9.6 [8–11,38]
R183A 1.29 18.5 13.39 7.1 147600 11.5 [8]
Y271A 1.06 18.5 0.90 8.8 1801588 9.8 [9]
D276V 3.92 17.7 0.46 9.2 12987151 8.5 [11]
K280G 9.34 17.2 116.44 6.1 123098 11.4 [38]b
R283A 0.55 19.0 85.25 5.8 9862 13.0 [10]
E295A 1.00 18.6 22.70 6.8 67091 12.1 [8]
aExperimental data were normalized to average values of wild type human DNA polymerase b.
bSteady-state kinetic data.
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g183Ala, Tyr271Ala, Asp276Val, Lys280Gly, Arg283Ala,
and Glu295Ala substitutions (Fig. 2). These properties in-
cluded distances between the nucleophile (O3 0 atom) and Pa
of the substrate, hydrogen of the 3 0OH group of the primer
and the O5 0 bridging oxygen of dCTP, the catalytic Mg2+
and all its ligands, the nitrogen atom of Asn279 and the O2
oxygen of the incoming dCTP base, hydrogen of the 3 0OH
group of the substrate and one of the non-bridging oxygens
of b-phosphate of the same molecule, the length of the central
H-bond between the templating G and dCTP nucleotides, and
hydrogen of the OH group of the Ser180 and one of the non-
bridging oxygens of c-phosphate of the dCTP molecule
(Fig. 3). Of the three hydrogen bonds between the templating
G and dCTP, we limited our correlation analysis to the central
hydrogen bond, because we expected the correlation behavior
of all three H-bonds to be similar. For each atom pair we de-
ﬁned a cutoﬀ distance and determined the number of sampled
conﬁgurations with a distance less than the cutoﬀ (NCC). Using
the ratio of NCC to the number of conﬁgurations with dis-
tances longer than the cutoﬀ distance (Ntotal  NCC) we calcu-
lated the free energies needed to form these contact
conﬁgurations (DGCC) at T = 310 K
DGCC ðkcal=molÞ ¼ 2:303RT logðNCC=ðN total  NCCÞÞ: ð4ÞFig. 3. Detailed view of the pol b active site. dCTP substrate, Asn279 and A
were used for the correlation study are indicated by green or purple lines.We have correlated these free energies with the experimentally
observed Dgzcat, DGbind and Dg
 (Eqs. (1)–(3)) for the WT and
six mutant enzymes. For each class of atom pairs, the cutoﬀ
distance was adjusted to obtain the best correlation between
DGCC and Dg
. Since more frequent occurrences of short inter-
atomic distances lead to lower DGCC values, the magnitude of
DGCC represents a measure of the relative stability or strength
of the given bond in the mutant proteins. The calculated DGCC
and correlation coeﬃcients are presented in Table 2.
The only statistically signiﬁcant correlation was observed be-
tween experimental Dg, Dgzcat and DGbind (Eqs. (1)–(3), Fig. 1)
and the strength of the H-bond between the amino group of
Asn279 and O2 of the incoming dCTP base (Fig. 4). This ﬁnd-
ing supports a hypothesis that the Asn279 residue plays signif-
icant role in substrate binding stabilization (R = 0.72), but is
also a key factor aﬀecting Dgzcat (R = 0.74) – Table 2. Although
there is no cross-correlation between experimental DGbind and
Dgzcat (R = 0.18), Dg
 exhibits a synergic eﬀect resulting in the
highest correlation coeﬃcient (R = 0.88) with the stability of
the H-bond connecting Asn279 and dCTP (Fig. 4). The opti-
mal cutoﬀ for the correlation between Dg and Asn279–dCTP
H-bond stability was found to be 3.9 A˚ (Fig. 5). This distance
provides high correlation while yielding statistically signiﬁcant
number of conﬁgurations in both NCC and Ntotal  NCC pop-
ulations and is also consistent with the H-bonding limitsp256 residues are rendered in the stick representation. Distances that
Table 2
Calculated data and correlation coeﬃcients between the calculated and observed free energies
Property Cutoﬀ (A˚) DGCC (kcal/mol)
a Correlation
coeﬃcientb
WT R183A Y271A D276V K280G R283A E295A DGbind Dg
z
cat Dg

PA–O3 0 3.1 3.2 3.1 3.2 3.5 3.2 3.4 3.6 0.02 0.26 0.09
H3T–O50(dCTP) 2.5 3.1 2.8 2.5 3.0 2.4 3.2 3.0 0.07 0.32 0.13
Mg–O30 2.5 2.9 2.4 2.7 3.0 2.8 3.0 2.9 0.00 0.14 0.10
Mg–O1A(dCTP) 3.0 3.3 3.8 3.6 2.9 3.6 3.3 3.2 0.30 0.12 0.33
Mg–OD2(D256) 2.15 3.2 3.3 3.0 3.3 3.0 3.0 2.8 0.44 0.47 0.60
Mg–OD2(D190) 2.15 3.8 3.6 3.7 3.6 3.7 3.7 3.7 0.13 0.11 0.09
Mg–OD1(D192) 2.15 2.7 2.6 2.6 2.8 2.7 2.7 2.7 0.34 0.42 0.47
Mg–H2O 2.3 2.5 2.8 2.7 2.5 3.0 2.4 2.8 0.27 0.25 0.21
ND2(N279)–O2(dCTP) 3.9 4.2 3.1 4.6 5.2 4.6 2.5 3.4 0.72 0.74 0.88
O1B(dCTP)–H3T(dCTP) 3.5 2.9 3.5 3.2 2.9 2.9 2.7 2.8 0.47 0.70 0.69
N3(dCTP)–H1(dG-Template) 2.25 3.4 3.2 3.1 3.3 2.9 2.5 3.4 0.63 0.23 0.57
Oc(S180)–O3Pc(dCTP) 3.2 3.4 3.0 3.1 3.3 3.1 3.3 3.4 0.03 0.04 0.06
aEq. (4).
bCorrelation coeﬃcients (R) for the linear correlations between DGCC and experimental DGbind, Dg
z
cat, or Dg
 listed in Table 1.
Fig. 4. Correlation between Asn279–dCTP H-bond stability and
apparent reaction activation free energy. Error bars were estimated
as the diﬀerence between DGCC calculated from the ﬁrst and second
half of the simulation trajectory.
Fig. 5. Eﬀect of the cutoﬀ distance on the correlation between DGCC
for the Asn279–dCTP H-bond and experimental Dg (points indicated
by blue dots and values on the left vertical axis). The numbers of
conformations in a population that corresponds to distances larger
than the cutoﬀ distance are shown as orange triangles corresponding to
numerical values on the right vertical axis. The vertical dashed line
indicates the cutoﬀ value used in Table 2 and Fig. 4.
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atoms determined by the statistical analysis of H-bond dis-tances in protein crystal structures [28]. However, any selection
of the cutoﬀ distance in the structurally reasonable range of
3.6–4.0 A˚ also results in a high correlation coeﬃcient (Fig. 5).
The correlation tendency (R = 0.63) was obtained between
the strength of the central H-bond of the GÆdCTP base pair
and the experimental DGbind. However, the correlations of this
H-bond with Dg are weaker (R = 0.57) because of the absence
of any signiﬁcant correlation with Dgzcat (R = 0.23). Similarly,
the observed correlation tendency for an intramolecular
H-bond between 3 0OH group of the deoxyribose and b-phos-
phate and Dgzcat (R = 0.70) is weakened for Dg
 (R = 0.69)
because its correlation with DGbind is small (R = 0.47). Muta-
tions that destabilize this intramolecular H-bond tend to have
lower Dgzcat and higher frequency of H-bonding contacts be-
tween 3 0OH of dCTP and the backbone carbonyl group of
Phe272.4. Discussion
Our previous theoretical and computational analysis [16]
have shown that the observed mutation eﬀects on Dg correlate
well with the binding free energy of the TS calculated using the
linear response approximation (LRA) method. In this analysis,
the two Mg2+ active site metals were considered to be a part of
the protein rather than the TS, and the assumed TS structure
corresponded to the last microscopic chemical step, i.e. to
the TS for breaking the P–O bond (with the pyrophosphate
as the leaving group). The present work reﬂects a ‘‘bioinfor-
matics’’ approach and explores the correlation between struc-
tural parameters of the ground state for the catalytic reaction
of pol b and the observed eﬀects of mutations of near active
site amino acid residues. Among various structural parame-
ters, including the abundance of near attack conformers
(NACs) [29], the only signiﬁcant correlation was observed
for H-bonding between the base moiety of dCTP and the ami-
no group of Asn279. The lack of a signiﬁcant correlation for
the NACs and CC other than Asn279–dCTP may indicate that
these structural parameters are not directly involved in the
rate-determining chemical step, that they are coupled in a com-
plicated non-additive way with other structural parameters, or
that their DGCC values are not suﬃciently sensitive to point
Fig. 6. Schematic model of the coupling between the electrostatic preorganization of the binding and TS sites mediated by Asn279. In WT pol b
(left), the electrostatic preorganization of both the binding site (Asn279 and dipole A) and TS site (dipole B) is induced by the interaction with the
protein residue (indicated by a gray sphere with a + sign). In a mutant protein (right), Asn279 and dipoles A and B relax to a more stable
conﬁguration, which is less favorable for binding to both the ground state and TS. Negative charge developing on the a-phosphate of the dCTP
substrate in TS is indicated by a d sign.
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pected given the complexity of factors determining Dg, Dgzcat
and DGbind it is notable that DGCC for Asn279–dCTP is well-
correlated. This ﬁnding is consistent with important role of
Asn279 in the pol b active site organization revealed by previ-
ous structural, kinetic and computational studies (see e.g. Refs.
[1,9,19,30–32] and references therein).
It is not surprising that amino acid mutations that weaken
the Asn279–dCTP interaction also signiﬁcantly increase
DGbind, but that this same eﬀect is linked to an increase in
Dgzcat. Therefore, mutations that destabilize the Asn279–dCTP
H-bond cause a signiﬁcant decrease in pol b catalytic eﬃciency
(Fig. 1). Given the nature of correlation analysis one can ask,
which is the cause and which the consequence? Based on experi-
mental data showing that the highest point on the overall free
energy surface corresponds to a chemical transformation
rather than conformational change [33–35], the following
points can be made.
The Asn279 residue plays a major role in the stabilization of
dCTP binding opposite the correct template (G). Therefore, a
mutation-induced disruption of the dCTP–Asn279 interaction
is expected to increase the free energy of both the ground (de-
noted ES in Fig. 1) and transition (ES in Fig. 1) states by the
same amount relative to their energies in WT enzyme. How-
ever, the correlation data indicate that the mutation-induced
disruption of the Asn279–dCTP hydrogen bond destabilizes
the rate-limiting TS more than the ground state. This eﬀect
is fully consistent with previous preorganization analyses
applied to pol b [16,19]. That is, the electrostatic preorganiza-
tion in the nucleotide base binding site is determined by the
template and its localized surroundings. A reduction in preor-
ganization of the binding site leads to a transfer of allosteric
information to the catalytic site and a reduction of preorgani-
zation in this site, which, in turn, reduces the eﬀect on catalysis
(Fig. 6). As is the case with most preorganization eﬀects [36,37]
they are already present in the ground state since the ground
state must be preorganized beforehand so as to reduce the
reorganization energy needed to reach the TS.
The analysis of Xiang et al. [16] contains an estimate of the
eﬀects of Asn279 on the TS binding using the protein–residue
interaction matrix generated using the PDLD/S-LRA method.
This analysis shows that eliminating the charge on the atoms
of Asn279 alters TS binding free energy by 2 ± 1 kcal/mol,which is signiﬁcant. The interaction matrix also reveals that
the interaction between Asn279 and TS is strongly coupled
with the interactions of the TS with Arg283, Asp276, and
the cytosine base of the dCTP substrate. Thus, a strong inter-
action between cytosine and Asn279 is present in both the
ground state – as evidenced by large observed Asn279Ala
mutation eﬀects on dNTP binding [9,30,31] and by simulations
presented here – and in the TS [16]. Unfortunately, it is impos-
sible to directly correlate DGCC(Asn279) with kcat/Km observed
for the Asn279 mutants [9,30,31] because DGCC(Asn279)
becomes undeﬁned when the Asn279 side chain is removed
from the protein.
Nevertheless, we show here that the alteration of the
strength of the H-bond between cytosine and Asn279 by muta-
tions of other protein residues is linearly related to changes of
Dg caused by the same mutations. This relationship may seem
surprising because Asn279 does not directly interact with the
a-phosphate of dCTP or primer. However, this relationship
is consistent with the fact that the experimental Dg correlates
more strongly with the experimental DGbind (R = 0.92) than
with the experimental Dgzcat (R = 0.55) (Table 1). That is, the
strength of the Asn279–cytosine interaction in the ground state
is important for the catalytic eﬃciency of mutant pol b because
the mutants evaluated here alter the substrate binding more
than the activation barrier for the chemical step. This central
observation is consistent with preorganization-based predic-
tions [19], namely that pol b may have evolved to achieve a ra-
pid rate of correct substrate incorporation by optimizing the
substrate binding free energy to a greater extent than by low-
ering Dgzcat.
Our deﬁnition of DGCC for Asn279 (Table 2) can be used for
dCTP and dTTP substrates, which contain the O2 atom as H-
bond acceptor. This deﬁnition can be generalized to predict
mutation eﬀects for pol b catalyzed insertion of dATP and
dGTP substrates by choosing their N3 atom, which is situated
in a similar minor-grove position as O2 of dTTP or dCTP, as
the new H-bond acceptor. The correlation coeﬃcient for this
general predictor of mutation eﬀects could be further reﬁned
if angular parameters of Asn279–dNTP hydrogen bond were
considered along with the H-bond distance [28] in the
deﬁnition of DGCC for Asn279. If this generalization could
be established, we would then have an eﬃcient theoretical tool
for predicting pol b replication ﬁdelity. The formation of a
780 V. Martı´nek et al. / FEBS Letters 581 (2007) 775–780mispair can be treated in the framework of our model as the
mutation of one residue of the protein/DNA complex.
Additional systematic presteady state kinetic studies of pol
b mutants are needed to reﬁne this DGCC function for all
dNTPs.
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